Reduced cost 100 ksi minimum yield strength, low carbon, low alloy steel using advanced techniques by Thompson, Peter T.
Lehigh University
Lehigh Preserve
Theses and Dissertations
1993
Reduced cost 100 ksi minimum yield strength, low
carbon, low alloy steel using advanced techniques
Peter T. Thompson
Lehigh University
Follow this and additional works at: http://preserve.lehigh.edu/etd
This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an
authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.
Recommended Citation
Thompson, Peter T., "Reduced cost 100 ksi minimum yield strength, low carbon, low alloy steel using advanced techniques" (1993).
Theses and Dissertations. Paper 221.
I _
~
UT OR:
Th mpson~ Peter To
TIll·· : ~
Reduced Cost 100 K i
Minimum Yiel . Strength~
l w Carb n~ low lIoy
Steel Using Advanced
Techniques
DATE: October 10,1993
REDUCED COST 100 ksi MINIMUM YIELD STRENGTH, LOW CARBON,
"'-
LOW ALLOY STEEL USING ADVANCED TECHNIQUES
by
Peter T. Thompson
A Thesis
Presented to the Graduate and Research Committee
of Lehigh University
in Candidacy for the Degree of
Master of Science
in
Materials Science and Engineering
Lehigh University
June 1993

Acknowledgements
The work being reported was accomplished with the support of the U.S. Navy
Manufacturing Technology Program under Cooperative Agreement N00014-91-CA-OOOl.
This study was conducted at the Advance Technology for Large Structural Systems
(ATLSS) Engineering Research Center at Lehigh University. Dr. John W. Fisher is the
director of ATLSS. Dr. David B. Williams is the chairperson of the Department of
Materials Science and Engineering.
Special thanks are due to Dr. Robert D. Stout, Dr. Bruce R. Somers, and Dr. David A.
Thomas: Dr. Somers guided this research and was the principal investigator for the "Fleet
of the Future" Program TDL-91-02. All three have offered guidance and suggestions
throughout the course of this study.
In addition, many others at Lehigh have contributed to this research. Dave Schnalzer set-
up and ran all of the welding equipment which made this study possible. Dr. Eric
Kaufmann and Dr. Robert Dexter provided their technical knowledge and experience.
Jack Williams, Charles Hittinger, and John Pinter spent many hours machining the
hundreds of specimens. Many of the photographs were taken and prepared by Richard
Sopko. Summer student Kevin Johnson should also be recognized for his contributions.
1ll
\
/
_ ......_--------------
/A very special thanks to both Jenny Deifer and Steve Derrah for keeping me company
and sane during the writing of this monster. I would also like to thank Janet and William
Thompson, Jr. for their encouragement and support through all my living years.
IV
Table ofContents
List of Tables Vll
L · fF' .. ,1st 0 19ures.................. ,..................... Vlll
Abstract 1
1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3
1.1 Objectives. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 3
1.2 Summary of Approach " 3
,
2. BACKGROUND . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 5
2.1 Naval Steels ~. . . . . . . . . . . . .. 5
2.2 Weldability of Steel :-:.......... 5
2.2.1 Hydrogen Induced (Cold) Cracking . . . . . . . . . . . . . . . . .. 6
2.2.2 Hot Cracking 7
2.3 Predecessors to TMCP steel " " 8
2.3.1 BY-100..................................... 8
2.3.2 HSLA-100 " 9
2.4 TMCP Steel . . . . . . . . . . . . . . . . . . . .. 10
3. EXPERIMENTAL PROCEDURES '1 •••••••••• " 17
3.1 Melting and Rolling " 17
3.2 Mechanical Property Tests .. . . . . . . . . . . . . . . . . . . . . . . . . . .. 18
3.2.1 Tempering Study 18
3.2.2 Tensile Test :. . . . . . . . . . . . . . . . . .. 19
3.2.3 Charpy V-Notch Test 19
3.2.4 Dynamic Tear Test " 20
3.3 Weldability Tests 20
3.3.1 Diffusible Hydrogen Test. . . . . . . . . . . . . . . . . . . . . . . .. 20
3.3.2 Modified Lehigh Restraint Test. . . . . . . . . . . . . . . . . . . .. 22
3.3.3 Implant Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 23
3.3,4 HAZ Noteh-Toughness Tests 24
3.3.5 Varestraint Test 24
4. RESULTS & DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 26
4.1 Plates in As-received Condition '. .. 26
4.2 Tempering Study .... ',\ . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 27
4.3 Mechanical Property .. :.............................. 2&
4.3.1 Tensile and Charpy V-Notch Tests 28
4.3.2 Dynamic Tear Tests 31
4.4 Weldability Tests 31
4.4.1 \Diffusible Hydrogen Test. . . . . . . . . . . . . . . . . . . . . . . .. 31
"'..
v
4.4.2 Modified Lehigh Restraint Tests " 32
4.4.3 Implant Tests .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 33
4.4.4 . HAZ Charpy V-Notch Tests. . . . . . . . . . . . . . . . . . . . . .. 34
4.4.5 HAZ Hardness 35
4.4.6 Varestraint Tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 35
5. CONCLUSIONS " 37
References _ " 39
Vita 161
vi
List of Tables
Table I: U.S. Navy Toughness Requirements 41
Table II: Different 100 Grade Material Compositions 42
Table III: Actual Compositions of Plates Studied . . . . . . . . . . . . . . . . . . . .. 43
Table IV: Cooling Rates - Direct Quench " " 44
Table V: Tensile Data for I-inch Plates " 45
Table VI: Tensile Data for 1.5-inch Plates 47
Table VII: I-inch Charpy V-Notch Data 48
Table VITI: 1.5-inch Charpy V-Notch Data 49
Table IX: Dynamic Tear Data " 50
Table X: Modified Lehigh Restraint Test Data. . . . . . . . . . . . . . . . . . . . .. 51
Table XI: Varestraint Test Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 52
vii
Figure 1:
Figure 2:
Figure 3:
Figure 4:
Figure 5:
Figure 6:
Figure 7:
Figure 8:
Figure 9:
Figure 10:
Figure 11:
Figure 12:
Figure 13:
Figure 14:
Figure 15:
Figure 16:
Figure 17:
Figure 18:
Figure 19:
Figure 20:
Figure 21:
Figure 22:
Figure 23:
Figure 24:
Figure 25:
Figure 26:
Figure 27:
Figure 28:
Figure 29:
Figure 30:
Figure 31:
Figure 32:
Figure 33:
Figure 34:
Figure 35:
Figure 36:
Figure 37:
Figure 38:
Figure 39:
Figure 40:
Figure 41:
List of Figures
Schematic illustration of solidification cracking . . . . . . . . . . . . . . .. 53
Steel rolling techniques 54
Influence of the amount of single-pass deformation . . . . . . . . . . . .. 55
Nucleation sites for ferrite grains and the resulting grain structure . .. 56
Effect of third stage rolling . . . . . . . . . . . . . . . . . . . . . . . . . . . . ., 57
Effect of finish-rolling temperature 58
Processing of a 500-pound heat to test materiaL 59
Allocation of 500-pound heats to plate studies 60
Diffusible Hydrogen Test. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 61
Lehigh Restraint Specimen . . . . . . . . . . . . . . . . . . . . . .. 62
The Implant Test 63
Plate and groove preparation for welding HAZ CVN. 64
The Varestraint machine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 65
Direct-quench cooling curve for plates 3C and 7C. 66
Micrographs of as-received, as-quenched I-inch plates, heat 3. 67
Micrographs of as-received, as-quenched I-inch plates, heat 5. 68
Micrographs of as-received, as-quenched I-inch plates, heat 7. 69
Micrographs of as-received, as-quenched I-inch plates, heat 9. 70
Micrographs of as-received, as-quenched 1.5-inch plates, heat 4. . .. 71
Micrographs of as-received, as-quenched 1.5-inch plates, heat 6. . .. 72
Micrographs of as-received, as-quenched 1.5-inch plates, heat 8.._ .. 73
Micrographs of as-received, as-quenched 1.5-inch plates, heat 2. . .. 74
Through thickness hardness traverses for heats 3,5,7, and 9. . . . . .. 75
Across width hardness traverse for heats 3,5,7, and 9. 77
Tempering curves for heat 3. 79
Tempering curves for heat 5. 80
Tempering curves for heat 7. 81
Tempering curves for heat 9. 82
Tempering temperature vs. yield strength, I-inch plates. 83
Tempering temperature vs. yield strength, 1.5-inch plates. 85
CVN transition curve for plate 3A. 87
CVN transition curves for plate 3B. . . . . . . . . . . . . . . . . . . . . . .. 88
CVN transition curves for plate 3C. . . . . . . . . . . . . . . . . . . . . . .. 90
CVN transition curve for plate 5A. 92
CVN transition curves for plate 5B. . . . . . . . . . . . . . . . . . . . . . .. 93
CVN transition curves for plate 5C. . . . . . . . . . . . . . . . . . . . . . .. 96
CVN transition curves for plate 7A. . . . . . . . . . . . . . . . . . . . . . .. 99
CVN transition curves for plate 7B. . . . . . . . . . . . . . . . . . . . . .. 101
CVN transition curves for plate 7C. . . . . . . . . . . . . . . . . . . . . .. 103
CVN transition curves for plate 9A. . . . . . . . . . . . . . . . . . . . . .. 105
CVN transition curves for plate 9B. . . . . . . . . . . . . . . . . . . . . .. 107
Vlll
Figure 42:
Figure 43:
Figure 44:
Figure 45:
Figure 46:
Figure 47:
Figure 48:
Figure 49:
Figure 50:
Figure 51:
Figure 52:
Figure 53:
Figure 54:
Figure 55:
Figure 56:
Figure 57:
Figure 58:
Figure 59:
Figure 60:
Figure 61:
Figure 62:
Figure 63:
Figure 64:
Figure 65:
Figure 66:
Figure 67:
Figure 68:
Figure 69:
Figure 70:
Figure 71:
Figure 72:
Figure 73:
CVN transition curves for plate 9C. . .. . . . . . . . . . . . . . . . .. .. 109
CVN transition curve for heat 7 111
CVN transition curve for heat 9 112
Examples of a tensile bar separation. . : .. 113
Example of Charpy bar separations. 114
Examples of a transition region to uppershelf separation. . . . . . .. 115
Examples of a lowershelf separation in a CVN specimen .. . . . ., 116
Comparison of HRQ "cleavage" vs. CRDQ "cleavage". 117
Yield strength vs. 60 ft-Ib transition temperature ; .. 118
Yield strength vs. FAIT. . . . . . . . . . . . . . . . . . . . . .. . . . . . .. 120
Ultimate tensile strength vs. FAIT 122
Ultimate tensile strength vs. Different toughness criteria . . . . . . ., 124
Ultimate tensile strength vs. Different toughness criteria . . . . . . .. 126
Ultimate tensile strength vs. Different toughness criteria. . . . . . .. 128
Modified Lehigh Restraint tests . . . . . . . . . . . . . . . . . . . . . . . .. 130
Metallographic section through implant fracture. . . . . . .. 132
SEM photo of implant 7BI-A. 133
HRQ Implant Results (SMAW E12018 Process). . . . . . . . . . . . .. 135
CRDQ-1500 Implant Results (SMAW E12018 Process). 137
Heat 7 Implant Results (SMAW E12018 Process). 139
E12018 Critical Stress 140
MCl00 Implant Results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 141
Implant critical stress comparison 143
Metallographic section of HAZ for HAZ CVN test. . . . . . . . . . .. 144
HAZ CVN results for 3B. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 145
/
HAZ CVN results for 5B. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 147
HAZ CVN results for 7B. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 149
HAZ CVN results for 9B. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 151
Knoop microhardness traverse of heat 3's HAZ. 153
Knoop microhardness traverse of heat 5's HAZ. 155
Knoop microhardness traverse of heat 7's HAZ. 157
Knoop microhardness traverse of heat 9's HAZ. 159
ix
Hpl\\' 4;
FiJ(\l\\' 4~
l'iglll\' 4-1
Fitlll\\' 4\
Fill\\\X' 4():
Fi}1\\\X' 47:
Figllt'C 41\:
Fig\\\'C 4\):
Fill\\\X' SO:
Figu\'c S1:
Fill\\\'C S2:
Fil1\\\'(' S3:
FI!l\l1'(' S·t:
FI!lIu'(' SS:
FIt\\I1'(' SCI:
FI~\I1X' S7:
FlU\\\X' 51\:
FI~\I1X' ~l):
FI~\I1X' 00:
FI~\IIX' tIl:
FI~IIIX' n:.:
IIIU\II'(' n'\:
IIIU\IIX' n·':
IIIU\IIX' tl~:
IIIU\II'(' M:
IIIUlln~ tl":
IIIUIII'(~ t,H:
IIIUllr~ (II}:
IIIUIII't' '10:
IllUllnl 7':
IllUllrtl 'n:
111/-.\1\1'(1 '1:\:
'" '\'1'1 ll'!l\'\sit,,\\\ ,'\)I\',~ ~,\1 t'1l'\l'" \\'
'" '\'N lwm\i{l"n ,'1)1\'4' h'l hl'!ll ...
\'\'1'1 trm,\\il;"n ,,\W,.~ 1\'1 h\'!ll ,)
l~\m\\\,ks ," n ll'l\\il\' h:n ~{'\\n\':Ili,\1\
F\l\m\'lC' ,'If \ "'hl'\l1'Y '\.'\1 ~r:\'l'\I'l\li,'n\. ,..,.................
E"nm\'\cs ,'If n \\':\\\1'\\\,\\\ \'<'ll\'\1\ "'I \\\'}\C'rshdf 1'q':\mti,,,, ... , ....
FXl\ml,lcs ''If n h,\\'cI-shclf ~('l'm'l\\h'l\ in 1\ CVN sl'\cdm"I\ , , , , , . ,
{\,ml,nl;~'''\ "r HRQ "dcnvt\!lc" \Os, CRDQ "c\C:W:ll!C" , "",."
Yic'" M\'C\\}1\h \'s. (,0 t\·\h tf\mslt\on tC!\\l'c.rat\\lx- . ' . , , . , . , , . , .
. Yield SUX'l\llth \'1'. FATr , , .. , . , , . , " .. .
llhhnl\tc tcnsllt' sux-ngth vs. FA'tT ,." ".,
Uhll\UHC tcnslle stlx-ngth vs. Different toughness criteria .
llhlml\tc tCl\slle strel\gth vs. Different toughness cl;teria , .. , .
Uhlml\tc tensile sU~l\gth vs. Different toughness criteria .
Modltll"d Lehigh Restfl\ll\t tests ' , ..
Mt'll\lIogl1\phlc section through Implant fracture. . .
SEM photo of Impll\nt 7D I-A. . , .
IIRQ Implant Results (SMAW E120 IRProcess) .
CRDQ,I,OO tmpll\nt Results (SMAW E120I8 Process) ,.
1It'l\t 7 Impll\l\t Resuhs (SMAW El201 8 Process). . ,.
1\11.01HCrltlcl\l Stress , .
MelOO Itnpll\l\t Results .
Implnnt (.1r1tknl strt'ss compnrlson 0 • 0 0 •••••••••• , •••••
Mt'lnlloBl'I\phlc N~ctlon of HAl'. for ItAZ CVN les\. .
IIAZ CVN 1't'lIl1lts for ~Bo , . , .. , , 0 0 •••••
IIAZ CVN rt'lIl1ltN for ,no 0 • , 0 0 0 • 0 •• , ••••• , • , •••• 0 •••••
- IIAZ CVN rt'III1ItN for 7B. 0 •••••• 0 0 ••••• 0 ••••••••••••••
IIAZ eVN rt'III1ItN for l)Bo 0 0 0 0 0 0 • 0 0 •• 0 •••••••••••••••••
Knoop ml(.l\'l)hl\n'n~NII II'llVt'I'N(.' of hellt ~ 'N IIAZ. . 0 ••••••• ,
Knoop 1ll1(.ll'()hllnll\~1111 It'nVt'rNC of helll 5'N IIA/.. . " .. 0 ••••
Knoop I\\I(.l\'l)hl\n'I\~NN II'nVt'rNC of ht'1I1 TN lIAZ. . .
Knoop mkl'()hnnll\~NN II'llVm'NC of hCllt I)'N IIAZ. . 0 •••• 0 0 0 • 0 ••
Ix
ltN
'"\l~
lU
\lot
1l~
116
1\7
11~
120
122
124
126
128
130
132
133
135
137
139
140
141
143
144
145
147
149
151
153
155
157
159
Abstract
The aim of this study was to investigate the feasibility of reducing production and
J
fabrication costs for steels in the 100 ksi yield strength range for both military and
commercial purposes. Traditionally, steels in the 100 ksi yi~ld strength range are low
alloy steels thaC hot-rolled, air-cooled and then reheated, quenched, and tempered
(HRQT). Normally the carbon content of these steels ranges from 0.05 to 0.25 percent
and the total alloy content is typically between 5 and 8 percent A welding preheat is
normally required to weld these steels to prevent Heat Mfected Zous (H.c\Z) cracking,
'""also known as cold cracking. The combination of the fabrication controls, such as
preheat, and the need for significant alloy additions reduces prOductivity and increases
fabrication costs. The present study investigated the effect of lowering the alloy and
carbon content to eliminate the need for preheat The loss in strength that these provide
was offset by using Thermal-mechanical controlled-processing (TMCP), specifically
controlled-rolling and direct-quenching (CRDQ).
Four compositions were evaluated with total alloy contents between 2.5 and 5 percent
Carbon content was nominally 0.065 percent for all heats which were produced in two
plate thicknesses, 1 and 1.5 inch. The plates were control-rolled with finishing
temperatures of 15500 F and 17000 F before they were direct-quenched to room
temperature at cooling rates simulating those of commercial plate roller quenching. For
comparison, plates conventionally hot-rolled and heat-treated (HRQT) were also produced.
Mechanical-property tests for strength and toughness as well as weldability tests for HAZ
1
cracking, HAZ toughness, and solidification cracking were conducted. The results of the
"
mechanical-property tests indicated that the tensile and yield strength goals were achieved,
but the toughness properties were marginal compared to U.S. Navy requirements.
The materials were found to posses excellent weldability and welding tests indicated high
resistance to HAZ cracking when performed without preheat It was also found that the
weld filler metal became the "weak link" when welding these steels in the 100 ksi yield
strength range.
2
1. INTRODUCTION
1.1 Objectives
The present study was undertaken to investigate the feasibility of reducing the cost of
using steels in the 100 ksi (690 MPa) yield strength range for both military and
commercial purposes. This was to be achieved by both reducing the alloy content and
eliminating the need for preheating when welding, thereby enhancing productivity. The
approach involved reducing the carbon content to minimize susceptibility to HAZ
cracking and offsetting the loss in strength and hardenability by utilizing thennal-
mechanical controlled-processing (TMCP) during rolling of the steel plate. The emphasis
of the study was to detennine the interacting factors that would provide the optimum
combination of rolling mill productivity, weldability, and mechanical properties. The
resulting material was also intended to meet current strength and toughness requirements
for HY-l00 and HSLA-l00 steels.
1.2 Summary of Approach
> ~'
Four plate compositions were selected to cover a range of chemistries from a' lean
microalloy composition up to the richer low-carbon copper age-hardening compositions.
For this study, the mcp involved controlled rolling from an intennediate holding
temperature to a finishing temperature that varied from 17000 F to 15500 F. This
controlled rolling (CR) was followed by direct quenching (DQ) to ambient temperature.
For comparison, plates were also conventionally hot-rolled, air-cooled to ambient
\
3
temperature and then reheated to 1650° F and water-quenched (HRQ). All plates for this
study were supplied by the U.S. Steel Research Laboratory~
The mechanical properties of these low-carbon steel plates were determined by tension
tests, by Charpy V-notch (CVN) tests, and Dynarnic-Tear (OT) tests. The weldability
tests included Restraint and Implant tests to determine susceptibility to HAZ cracking,
CVN tests of the weld HAZ's, and Varestraint tests for susceptibility to elevated-
temperature weld cracking. The mechanical property and impact toughness goals for
these 100 grade plates were to meet the requirements for HSLA-100 as specified in MIL-
S-24645. Table I provides a summary of these requirements as well as the HY-100 steel
requirements of MIL-S-16216.
4
2. BACKGROUND
2.1 Naval Steels
During the paSt two decades, Naval designers have increased their use of higher-strength,
alloy steel plate to reduce weight, increase payload, and increase mobility of surface
combatants an.d sUbmarines l . Although toughness and weldability typically decrea~es with
incr6ased strength, the high Navy standards for weldability and low temperature noteh-
strength have not been relaxed. This is due to the severe service loads that ~ Naval vessel
is expected to encounter. The material must perform adequately within a temperature
range of -300 to 1200 F and with dynamic loads which could include wave loadings, sea
slap, slamming, vibration, thermal excursions, cargo buoyancy, and aircraft/helo landings
compounded with the effects of hostile weapofls2. The Navy is· continually interested in,
finding high strength/highly weldable, lower cost materials which can withstand these
conditions.
2.2 Weldability of Steel
In the construction of a Naval vessel, welding is the single greatest cost driver and
shipyard labor factor. For example, approximately 9.7 million man-hours are required to
weld a SSN class attack submarine (17 percent of total construction man-hours) with 65
percent of that time going toward structural welding. The construction of the ship
structure, including materials, welding, and nondestructive evaluation (NDE), makes up
20 percent of anyone ship's total cose. Any improvements in the materials' weldability
5
can significantly reduce the total cost of the structure.
Weldability has been traditionally split into two categories; fabricability and
serviceabilit~. Fabricability tests are those which test for cold cracking resistance, hot
cracking resistance, and weld defects (such as porosity, lack of fusion, etc.). Tests for
serviceability are mainly concerned with the strength, toughness, and ductility of
weldments, such as the Heat Affected Zone (HAZ) Charpy V-notch test.
2.2.1 Hydrogen Induced (Cold) Cracking
The prevention of hydrogen induced cracking, or cold cracking, is the main reason for the
required preheat of most Navy steels. Cold cracking is associated with dissolved
hydrogen in the martensitic structure of the Heat Affected Zone (HAZ). The main factors
of cold cracking have been documented to be4:
(1) Dissolved hydrogen (from shielding gas, flux, electrode coating, or surface
contamination);
(2) Tensile stresses (external restraint, differential expansion during welding,
or transformation stress); and
(3) Very hard low ductility microstructure (untempered martensite).
The maximum hardness is primarily influenced by the carbon content, but the
hardenability is also increased by other elements when they ~bjected to the welding
thermal cycle. To quantify the effect of these elements, formulae of the carbon
equivalence were developed. One such formula which has gained popular support, the
IlW carbon equivalent formula, was proposed by Dearden and O'Neill in 19403:
6
Mn Cr + Mo + V
CEIIW = C + 6 + 5 Ni + CU r,+----15 (1)
The maximum hardness is typically found in the immediate vicinity of the fusion line.
This location has the fastest cooling rates, sees the highest temperatures, and endures the
longest period of time in the high temperature region. These high temperatures coarsen
the HAZ and allow more complete solution of carbides and other particles. This
combined with the high cooling rate typically stabilizes the very hard microstructure
needed for cold cracking6•
Currently, the method to prevent cracking has consisted of lowering the carbon content
,-- to prevent martensite transformation (requiring the addition of expensive all~ng to
maintain the strength), low hydrogen welding consumables, and preheating. By
preheating, the cooling rate is lowered which avoids martensite transformation, the
hydrogen is also given time to diffuse out, and the magnitude and rate of shrinkage is
lowered reducing residual stress l . The use of preheat also results in low productivity
welding which leads to high fabrication costs.
2.2.2 Hot Cracking
I
During solidification, a weldment will undergo different rates of expansion and
contraction compared to the surrounding material. This leaves residual stresses in the
material which are related to the re'straint of the joint. The residual stresses combined
7
"j
with weakened grain boundaries, due to the segregation of low temperature melting
phases or eutectic, can lead to cracking of the weld metal, known as Solidification
Cracking, or in the HAZ, called Liquation Cracking (Figure 1r. Wilken and Kleistner
have provided a recent summary for the classification and evaluation of hot cracking
Sulphur is considered to be the most dangerous element influencing solidification cracking
in steel. This classification comes from its ability to easily segregate and combine with
iron to form FeS, which has a low melting point and easily spreads along grain
boundaries. For these reasons, modern steel plate and weld metal producers have limited
sulphur to (very low levels to prevent hot cracking.
2.3 Predecessors to TMCP steel
2.3.1 HY-I00
The u.S. Navy has been using the HY\ (High Yield) series of steels for over four decades.
HY-100, a quenched and tempered martensitic steel, was specifically developed to meet
./'
increasing submarine operating depth requirements, while maintaining a high fracture
toughness. The composition of this steel was essentially the same as HY-80, except it
was heat treated to a higher strength level. A listing of HY-100' s composition can be
found in Table II. It was first produced in 1959-1960 and was first used in the decks and
protection structures of the USS NIMITZ class aircraft carriers in 1966. In 1980, it was
certified for use in submarines and HY-100 was then used for the SSN 688 attack subs'
8
hull insert. The hull construction of the new Dss SEAWOLF (SSN 21) attack sub was
started in 1990 with HY-1001•
When welding" at low heat inputs or with thick sections of HY-100, the cooling rate of
the HAZ can be very large. Combined with the relatively high amounts of carbon found
in the grade, the high cooling rate can lead to the formation of untempered martensite in
the HAZ, which is a very hard microstructure. As stated above, this microstructure is
susceptible to Hydrogen Induced (Cold) Cracking, which can appear days after the
welding is completed. Experience with the BY series of steels cracking has resulted in
mandated fabrication controls to prevent this crac~gwhich include preheat requirements;
interpass temperature limits; controls of electrode preparation and storage; heat input
limits; weld sequencing requirements; weather protection; constraint reduction; welder
~
training and qualification; and intensive inspection procedures l . All of these controls add
considerable fabrication costs to any Naval structure using BY-I 00.
2.3.2 HSLA.I00
Although HSLA (High Strength Low Alloy) steels began to replace older steels in the
automotive, pipeline, pressure vessel, and structural applications in the late 1970's and
early 1980's, the Navy did not initiate research on HSLA steels until 1981. A HSLA
steel combines a controlled rolling schedule with microalloy additions (such as niobium,
vanadium, and titanium), conventional alloying (nickel, chromium, molybdenum, and
~ '
copper), low carbon (less than 0.10 percent), low sulphur (less than 0.010 percent), hot
9
metal shape-control treatments, and high cleanliness to achieve the appropriate grain
--.J
refmement for high toughness and strengthl. The main goal of the research was to
produce a highly weldable (no preheat requirements) high strength steel to reduce ship
building costs. The results of this study, the creation of HSLA-100, was a very low
carbon, copper precipitation strengthened steel which still met the strength and toughness
requirements of HY-100 (fable m. The new steel was also available in its commercial
equivalent, A710 Grade C (~90 ksi yield strength), but was limited to only 3/4 inch. It
'-/
should also be noted that with almost 8% total alloy content (only 5.28% for HY-100),
the "HSLA" name could be considered a misnomer.
The new HSLA-100 base metal was weldable with the same consumables and processes
)
for HY-100. Th€'HAZ of the base metal did not typically harden, which eliminated the
possibility of cold cracking and the need for the preheat requirement. Unfortunately, a
susceptibility to cold cracking was found in some of the flux-assisted 100 ksi yield
strength weld metals resulting in preheat requirements for the flux-assisted processes. The
focus of the high strength steel research then began to focus on the development of new
weld metals which have high strength, but are not susceptible to cold cracking.
2.4 TMCP Steel
Although the development of HSLA steels provided high strength, excellent toughness,
and better weldability, the steels required considerable alloying combined with auxiliary
heat treatments such as quenching and tempering. The alloy content and additional
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treatments caused the price of these steels to rise above the conventional microalloyed
steels. The Navy then decided to explore the possibility of obtaining the high strength
levels through thennomechanical controlled processing (TMCP) techniques.
Traditionally, Navy plate steels are provided as-rolled or hot-rolled quenched and
tempered (and/or aged). An as-rolled steel, such as ASTM A36, is heated to the
austenitizing temperature (~2300" F), rolled to the desired thickness, arid then allowed to
air cool to room temperature, as shown in Figure 2A. During this hot-rolling, the rolling
reduction is completed at a relatively high temperature. A hot-rolled quenched &
tempered steel, like HY-lOO, is also rolled at a high temperature and then air cooled to
room temperature. It is then heated again to an austenitizing temperature and quenched,
usually in water, to room temperature to achieve a hard martensitic structure (Figure 2B).
The steel is then held at a tempering temperature (below 1300" F) to arrive at the desired
strength and toughness level.
Controlled-rolled steels, like the ones in this study, are fIrst rolled at a high temperature
in the austenite-recrystallization region where it can easily be reduced in thickness. The
fInal rolling reduction is conducted in the non-recrystallization region where deformation
bands are produced in the interiors of the elongated austenite grains. Unlike hot rolling,
where the plate is reduced as quick as possible without regard to the fInal microstructure,
controlled rolling (CR) is accomplished by careful adjustments to the heating and rolling
schedule to ensure a fIne uniform microstructure. A controlled-rolled steel is then air
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cooled (Figure 2C) or cooling can be accelerated to a quench by a water spray to further
improve the properties (Figure 20). The steel is then tempered and/or aged like the hot-
rolled quenched and tempered steel to the desired strength level.
Tanaka has defined fQUf stages of thermomechanical controlled processing9•1O• The first
three are involved with controlled rolling and are defined as:
(1) Deformation in the high-temperature austenite region to attain grain-refinement via
repeated deformation and recrystallization;
(2) Deformation in the non-recrystallized austenite region to increase nucleation sites
for ferrite grains via deformed austenite combined with deformation bands; and
(3) Deformation in the austenite-to-ferrite two-phase region to increase ferrite strength.
The fourth stage is accelerated cooling during the austenite-to-ferrite transformation to
give fine ferrite mixed with fme bainite and/or martensite islands.
In the first stage of TMCP (above 18320 F), the purpose is to reduce the austenite grain
size as much as possible through repeated deformation and recrys.tallization. Figure 3
shows the relationship between the amount of deformation versus the austenite grain size.
The grain pinning effects of small additions of columbium (niobium) are clearly visible
in the above figure.
The purpose of deformation in the non-recrystallization region (from 17420 F to Ar), the
second stage of controlled rolling, is to increase the ferrite-nucleation sites. In a control-
rolled steel, the austenite grains are deformed and flattened creating more surface area for
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ferrite nucleation. It has also been shown ferrite-nucleation frequency is larger at
deformed austenite grain boundaries than recrystallized ones lO• The major difference
between a conventionally hot rolled steel and a control-rolled ste¥l is that in the fonner
ferrite grains only nucleate at the austenite boundaries. In a control-rolled steel,
deformation bands form in the elongated austenite grain interiors, dividing the grains into
several blocks. Research has found that these deformation bands acts as nucleation sites
for the formation of ferrite. The result is many more nucleation sites in a control-rolled
steel and the formation of a much smaller ferrite grain size (Figure 4).
The final stage of controlled rolling, deformation in the austenite-ferrite two-phase region
(below the Ar3), has the purpose of increasing the strength, especially the tensile strength.
Deformation in this stage results in larger increases in the mechanical properties than that
i)
of second stage deformation. If no acc~e~ated cooling is employed, the final
microstructure of a steel deformed in the two-phase region consists of a microstructure
which has both soft ferrite grains and hard grains which contain a substructure. This
effects the tensile strength which is related to the volume fraction of hard grains to soft
"grains. When accelerated cooling is used the austenite remaining after deformation in the
two phased region will transform to mixtures of ferrite, bainite, and/or martensite.
The yield strength is also increased by rolling in this third stage by two factors. First, a
crystallographic texture develops (a loss of randomness in crystal orientation) which
causes embrit.tlement in the through-thickness direction. This brings about separations
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during testing which lower the transition temperature in the longitudinal and transverse
directions at the sacrifice of the toughness in the through-thickness direction. The effect
,
of separ~tions on the fracture appearance transition temperature (FATI), as well as other
properties, is shown in Figure 5.
An approximate Ar3 temperature can be found using the relation by Ouchi et al. in 198211 :
Ar3(°C) = 910 - 310 %C - 80 %Mn - 20 %eu
- 15 %Cr - 55 %Ni - 80 %Mo
or by Shiga et al. in 198312:
A'3COC) = 910 - 273 %C - 74 %Mn - 57 %Ni
- 16 %Cr - 9 %Mo - 5 %Cu
(2)
(3)
where alloying elements are in wt%. The temperatures found with these equations
account for the Ar3 temperature rise from the strain-induced transformation of the
deformed austenite. For equation 2, the results are confined to the case of 8 rnm thick
plate. The rise of the Ar3 temperature due to thickness increases is in the order of 0.35
o C/rnm which could account for an 80 C shift in 1.5-inch thick plate.
Although controlled rolling is useful in improving yield strength and low temperature
toughness through grain refinement, accelerated cooling (Ae) is responsible for
significantly increasing the tensile strength of a TMCP steel through improvement of the
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second phase morphology (Figure 6)10,12. The third stage is nonnally needed to increase
the tensile strength and with the increase in tensile strength from AC/DQ it is not only
unnecessary, but it could even bf detrimental to the FATT (Figure 6). For this reason,
the third stage of TMCP controlled rolling should be omitted when using AC/DQI3. The
dramatic increase in tensile strength is attributed to the almost complete disappearance of
the banded pearlite structure nonnally observed after air-cooling and its replacement by
finely dispersed bainite/martensite islands. The loss of the banded structure also reduces
h f · 10t e occurrence a separatiOns .
Accelerated Cooled (AC) plates are typically cooled through the transfonnation
temperatures and then allowed to air cool to room temperature. This allows the plates
to be self tempered without the need for further heat treatment. If the plates are direct
quenched to ambient temperature (DQ), the extreme of accelerated cooling, the plates do
require a further tempering treatment to provide the maximum combination of strength
and toughness l . AC is considered to be in the range of 9° to 36° F/s and DQ to be from
Although foreign manufacturers are currently processing AC/DQ steel plate, the domestic
steel industry does not have the production capability to make these plates. Continued
steel plant closings have resulted in a drastic reduction of high strength steel
manufacturers and a loss of heat treatment capacity. The Federal Emergency
Management Agency ~onducted a study which identified that steel plate heat treatment
15
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capacity is severely limited for wartime or mobilization requirements l . One benefit of
using the combination of controlled rolling (CR) and AC/DQ processing would be a
reduction of the Navy's dependence on heat treatment facilities. A TMCP steel also gains
its strength and toughness from processing, rather than alloy content and a large degree
of post-rolling heat treatment. The combination of these factors make it possible for the
TMCP steels to have better weldability (due to the low carbon) and less total cost (due
to small amounts of alloy, less heat treatment, and higher welding productivity).
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3. EXPERIMENTAL PROCEDURES
3.1 Melting and Rolling
Eight 500-pound heats were melted by the U.S. Steel Technical Center. Two heats were
melted for each of the four aim compositions to provide adequate test material for 1 and
1.5-inch thick plates. The I-inch plates are identified as heats 3, 5, 7 and 9 with higher
number indicating higher alloy content. In order of increasing alloy content, the 1.5-inch
plates are identified as heats 4, 6, 8 and 2. The aim chemical compositions, along with
the specification limits for HY-l00 and HSLA 100, are shown in Table II. ~,
The processing of the ingots to slabs and I-inch thick plates is shown in Figure 7. The
cropped ingot size was 7" x 13" x 20" and was slabbed to 3.5" x 13" x 40". This slab
was cut into four lO-inch long pieces and three of these pieces were cross-rolled to plates
lO-inch wide by 46-inch long by I-inch thick. The processing of 1.5-inch thick plates
was the same except that the 3.5" thick slab pieces were cross-rolled to a 34-inch length.
Each set of three plates was processed as follows: (A) conventionally hot-rolled and air
cooled, reaustenitized and quenched, abbreviated HRQ, (B) control-rolled to 17000 F and
direct quenched, abbreviated CRDQ-1700, and (C) control-rolled to 15000 F and direct
quenched, abbreviated CRDQ-1500. The fourth piece of slab was retained for possible
funrre-use.
Figure 8 shows the allocation of I-inch thick plate for the various studies. The allocation
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of 1.5-inch thick plate was similar except that no weldability studies except for varestraint
tests were conducted on the 1.5-inch thick plates.
3.2 Mechanical Property Tests
3.2.1 Tempering Study
c'
From each 1- and 1.5-inch thick plate in each condition, A (HRQ), B (CRDQ-1700) and
C (CRDQ-1500), samples approximately I" x I" x T were taken, where T is thickness of
the plate. These samples were then tempered from 800° F to 1275° F ± 5° F for one half
hour. To avoid temper embrittlement, the samples were water quenched immediately
after tempering. For each tempered block, Rockwell C hardness determinations were
obtained with three readings at each 1/4, 1/2, and 3/4 thickness for a total of nine
readings per sample. Based on the results of this tempering study, three tempering
temperatures were chosen for subsequent tensile and Charpy V-notch tests from each
plate. These plates were held for one hour at the tempering temperature and then water
quenched. After the tempering study was conducted, final tempering temperatures were
c:
selected and the remaining large plate samples were tempered at these selected
temperatures. DT test specimens, and confmnatory tension, confmnatory CVN test
specimens and weldability test specimens were machined from these plates.
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3.2.2 Tensile Test
All tensile tests for both the tempering study and confmnatory purposes were standard
-r-
0.505 inch diameter transverse tensile specimens. These tensile tests were conducted at
room temperature and in accordance to ASTM E8-91. The 0.02% offset yield strength,
ultimate tensile strength, reduction of area, and elongation were alI-de~rmined with this
test method.
3.2.3 Charpy V-Notch Test
Standard transverse Charpy V-Notch (CVN) specimens were removed in two layers from
the thickness of the plate so that a CVN specimen was taken from both sides of the center
line. Sets of three CVN specimens were tested according to ASTM E23-92 at both
-1200 F and 0° F in a stirred ethanol bath cooled with liquid nitrogen. The remainder of
the specimens were tested between -120° F to 100° F to fill in the transition curve. For
specimens above room temperature, a stirred hot water bath was used to maintain the
desired temperature. All specimens tested were held at temperature for at least 10
minutes before testing and the temperature was maintained ±20 F. Elapsed time from
when the specimen was removed from the bath to the impact of the hammer was no
greater than 5 seconds. The energy absorbed and fracture appearance data were both
recorded for each specimen tested.
In order to locate unbiased transition temperatures, the CVN transition curves were fit by
a least squares technique to a sigmoidal shape function of the form:
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(4)
where, E is the CVN energy at tempera~, LS is the lower shelf energy, US is the
upper shelf energy, To is the temperature at an energy half-way between the upper shelf
and lower shelf, and B is the slope at To. A similar least squares fit was_used for the
fracture appearance transition data.
3.2.4 Dynamic Tear Test
Standard transverse dynamic tear specimens were removed from the 1- and 1.5-inch thick
plates and tested according to ASTM E604-83. Each dynamic tear notch was pressed
with a 40° ±So knife edge for a depth of O.OlO in ±D.D05 in. The specimens were placed
in a-40° F ±20 F ethanol bath for twenty minutes before testing. After the specimens
were removed from the bath, they were tested within lO seconds on a double-pendulum
machine.
3.3 Weldability Tests
3.3.1 Diffusible Hydrogen Test
To determine the effect of different levels of diffusible hydrogen, non-autogenous
weldability tests were run using the Shielded Metal Arc Welding (SMAW) and Gas Metal
Arc Welding (GMAW) processes. The SMAW process utilized an E12018 covered
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electrode and the GMAW process used an MCl00 electrode with 98% Ar/2% O2
shielding gas.
To determine the diffusible hydrogen content for each electrode, the American Welding
Society standard method AWS A4.3-92 was used14• Four samples 3%" x I" x W' were
cut from the 7C I-inch thick plate along with two 1W' long weld tabs and they were all
degassed in a furnace for one hour at 1150° F ± 50° F. For each test, the sample was
degreased in acetone, washed with ethanol, and weighed to the nearest 0.1 g before
testing. It was then clamped in a copper fIxture (Figure 9A) and welded at 25 kJ/in with
the desired process. Immediately after the arc was extinguish&!, the sample was released
from the fixture and plunged in an ice bath for 20 to 30 seconds. Next, the sample was
transferred to a liquid nitrogen bath for storage. The weld tabs were then broken off, the
sample was sprayed with ethanol, and was dried with air to remove all liquid.
The test chamber consisted of a glycerin filled eudiometer (Figure 9B) which had been
held at 113° F ± 5° F at least 24 nours. After the above cleaning, the sample was
immediately put into the test chamber and left for 72 hours. The amount of hydrogen
evolved was then recorded and the specimen was cleaned and weighed. The diffusible _________
hydrogen content was calculated using the expression:
!
Diffusible Hydrogen (~) = V x 100
loog (W - W)
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(5)
where V is th~ volume of hydrogen collected, W is the final mass, and W0 is the initial
mass prior to welding.. Two specimens for each type of electrode were welded and the
two results were averaged for the final value.
3.3.2 Modified Lehigh Restraint Test
This test utilizes an 8-irlch by 12-inch plate in which a weld bead is deposited into a'
groove under controlled restraint (Figure lOA). The specimen design used was a
modification of the standard Lehigh Restraint specimen and was modified by extending
the center groove to the edge of the plate (Figure lOB). The weld is started at the open
end under low restraint but is subjected to increasing restraint and thermal contraction
stresses as it progresses. The total length of the crack that grows from the end of high-
restraint gives a quantitative measure of the cracking sensitivity. Cracking will occur in
the most susceptible region, either in the weld metal or the base metal HAZ, and it is
evaluated from cross-sections cut from the specimen. Restraint specimens were prepared
for all conditions of the one-inch thick plates.
Weld beads were deposited starting at the open end of the slotted groove at 750 F preheat
and at two heat input levels: 25 kilojoules per inch (1.0 kJ/mrn) and 100 kilojoules per
inch (3.9 kJ/mrn). A shielded metal arc welding (SMAW) process was used with a 3/16"
/'-.
diameter E12018 electrode. A few restraint specimens were also conducted with a metal
cored electrode (MClOO) using a gas metal arc welding (GMAW) process with Argon-2%
Oxygen shielding. When cracking was not visible from th~ surface, test specimens were
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sectioned and polished at 1/2" and 1" from the drilled hole to inspect for cracking. If
cracking was found, the specimen was sectioned every one inch until the end of the crack
was found.
3.3.3 Implant Test
Each implant test used a small sample of the test material in the form of a 0.242 inch
diameter bar with a 0.020 inch deep thread, 28 threads per inch (Figure 11). All the
specimens were removed in the transverse direction from all conditions of the I-inch
plate. The implant specimens were then degreased with acetone in an ultrasonic bath and
washed with ethanol. Each specimen was then inserted into a slip-fit hole at the center
of a plate which was also degreased with acetone and then ethanol. A weld was
deposited over the insert hole at a heat input of 25 kJ/in (1.0 kJ/mm) with the desired
welding process. Both the SMAW process with an E12018 electrode and the GMAW
process with an MCl00 electrode were used. The specimen was then dead loaded two
minutes after the arc passed over the implant specimen. If a sample did not break: after
24-hours, the test was considered a run-out and the sample was overloaded to failure.
The times to failure were plotted at a series of different load levels to reveal the threshold
of failure.
In this test, the susceptibility of the HAZ to hydrogen-assisted cracking is the main
interest The triaxial stress at the tip of the spiral notch which passes through all regions
of the HAZ ensures failure, if it occurs, will occur in the most susceptible region of the
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HAZ. The lower the stress threshold for failure, the greater is the susceptibility of the
steel to hydrogen-assisted cracking.
3.3.4 HJ\ZJNotch-Toughness Tests
Heat-affected zone Charpy V-notch (CVN) specimens were tested in the B condition
(CRDQ-17oo) of all heats of the I-inch thick plates. Half-K-type joints were fabricated
at heat inputs of both 25 kJrm. (1.0 kJ/mrn) and 100 kJ/in. (4 kJ/mrn) in order to provide
straight HAZ's for Charpy notch placement (Figure 12). The specimen notch was placed
.in the coarse-grained HAZ within the fIrst 0.020 in. of the HAZ from the fusion line on
the straight side of the K joint Tests were run according to ASTM E23-92 and with the
method described above in section 3.2.3. Charpy V-notch transition behavior was
determined by testing over the range from -1200 F to 1000 F.
3.3.5 Varestraint Test
The Varestraint (VAriable RESTRAINT) test was developed to study solidification
cracking with a very simple procedure and specimen3• The specimen is secured by one
end in the machine over a block with a specified radius (Figure 13A). The weld is started
on the free end of the specimen traveling toward the fIxed end. At the point where the
welding torch moves tangentially to the radius, a load is applied at the free end bending
the specimen around the radius. This simulates the formation of residual stresses during
welding that is measurable and repeatable. The augmented-tangential strain can be
calculated using:
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(6)
where t is the specimen thickness and R is the radius.Susceptibility of the steel to
solidification cracking is revealed by cracks at what was the trailing solidifying edge of
the weld pool at the instant of defonnation. The maximum observed length and the total
length of cracking are measured and taken as indices for hot cracking susceptibility
For this study, specimens 2" x 12" X 1/2" were removed from the 1.5-inch material and
welds were applied with an autogenous gas-tungsten arc (GTA) process at two heat input
levels, 35 and 70 kJ/inch (1.4 kJ/mm and 2.8 kJ/mm). All heats were tested in the C
(CRDQ-15OO) condition. Heat 8 was tested in all three conditions, A (HRQ), B (CRDQ-
1700) and C (CRDQ-15Q9). Two levels of augmented strain were used, 2% and 3.7%.
The strain was applied in a direction perpendicular to the plate rolling direction.
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f4. RESULTS & DISCUSSION
4.1 . Plates in As-received Condition
Examination of the resultant compositions in Table ill indicates that the check chemical
compositions were very close to the aim values in Table II. The final total alloy content
varied from 3.2% in the leanest of the steels to 5.5% in the richest This was well below
HSLA-lOO (7.8% total alloy) and in the range of HY-IOO (5.3% total alloy).
A thermocouple was inserted into each control-rolled slab so that rolling reductions and
finishing temperatures could be controlled and the direct-quenched cooling rate
determined. A typical example of the direct-quenched cooling curve for two of the I-inch
thick plates is shown in Figure 14. Due to the transformations that happen in this region,
the cooling rate between 14720 F (8000 C) and 9320 F (5000 C) is very critical to the final
properties of the steel. These rates were determined for each of the direct-quenched
plates and the rates are listed in Table IV. Comparing this data to published cooling
rates, it was found that the USS LabOratory Direct-Quench facility conservatively
simulates conventional roller-quench facilities such as Nippon Steel's Nagoya works
direct-EIuench facility. 'i)lis indicates the results obtained in the present study should be
~
rep~<;>ducible in commercial facilities.
Samples were removed from each condition of each heat for metallographic preparation
and examination. Figures 15 through 22 show the microstructures of the as-received, as-
quenched plates. In general, the microstructures shown are primarily martensitic with
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small amounts of lower bainite. Heats 3 and 4 has some free ferrite as does heats 5 and
some of the other 1.5-inch plates to a lesser extent Some "pancaking" of the austenite
grains was obseIVed in most specimens; The austenite grains were quite fine, averaging
a No. 9-10 ASTM grain size.
Hardness traverses across the width and thickness were conducted on all of the as-
received, as-quenched plates (Figures 23 and 24). The results of the hardness traverses
reveal uniform hardness across the width as well as through the thickness of the plates
with the expected rise at the edges of the plates.
4.2 Tempering Study
Samples from each heat in all conditions in the I-inch thickness were tempered over the
range 800" F to 12750 F. The average hardness results with the 95% confidence bounds
has been plotted in Figures 25 through 28. The tempering results indicate the TMCP
CRDQ processing produces higher hardness than that of the conventional HRQ
processing. _ Most conditions (except for HRQ heat 5) show evidence of a peak. The
peak is due to the competing effects of precipitation hardening and the softening of the
martensite. This peak appears to be centered at approximately I()()(Y' F for all other heats
except heat 3 which apeears to have an aging peak: centered at approximately 11750 F.
To find the optimum tempering temperature for the remaining large plates that would
optimize base-metal properties and weldability of the experimental steels, three
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temperatures were chosen for tensile and CVN testing using the above results. The
temperatures were chosen to achieve a final hardness level of Rc 21. This hardness
correlates with an ultimate tensile strength of 110 ksi and a yield strength of
approximately 100 ksi based on an assumption of a yield-to-tensile ratio of 0.9. In those
cases where the tensile yield strength did not attain the 100 ksi goal CVN tests and the
also the middle temperature's tensile tests were sometimes not conducted in order to
conserve plate. From a practical production standpoint, tempering temperatures selected
should ensure meeting a minimum yield strength of 105 ksi and not exceed 120 ksi to
optimize toughness. Results of all the initial tempering studies and the final tempering
are summarized in Tables V through VIll.
4.3 Mechanical Property
4.3.1 Tensile and Charpy V-Notch Tests
Figures 29 and 30 summarize the yield strength response to the tempering of these steels.
The heats with higher alloy in the controlled rolled direct quenched condition tended to
be resistant to softening even up to temperatures approaching the AI temperature.
Tempering at temperatures this high requires accurate furnace control in order to avoid
excursions above the Al which could adversely affect mechanical properties. One
observes from these plots the relative insensitivity to final rolling temperature (FRD at
the I" thickness and a small effect on the 1.5" thickness. In all cases, the 15000 F FRT
gave the highest yield strength which is in agreement with the available literature.
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The -120°F and OaF CVN data are summarized in Table vn and VIII. Only heat 9A,
a conventionally quenched and tempered 1" plate, met the MIL-S-24645 HSLA-l00 CVN
requirements. Figures 31 through 42 show the CVN transition curve behavior for the 1-
inch plates over the range of tempering temperatures used. As expected within each heat
and condition increases in tempering temperature tends to increase the uppershelf and
lower the transition temperature region. Figures 43 and 44 compare CVN selected
transition curves for heats 7 and 9 respectively. Each of these figures compares curves
from each condition, HRQ, CRDQ-1700 and CRDQ-1500, at roughly equivalent yield
strength levels. When the toughness response is compared in this manner there is not a
,
significant difference.
Although this steel was not rolled bellow the Ar3, separations perpendicular to the applied
force were observed in some of the tensile and charpy specimens (Figures 45 and 46).
Much of the scatter in the charpy data was due to varying levels of splitting. Specimens
which experienced separations had much higher charpy impact energies than those which
did not split (Figures 47 and 48). ~pecimens which were tested at transition region to
uppershelf temperatures (Figure 47B), experienced conventional splitting with multiple
sets of shear lips. The specimens which were tested at lowershelf temperatures seemed
to split in the center and produced two lobes of material on either side of the split (Figure
48B). Some parts of these low temperature fractures did not even initiate at the notch and
possibly initiated at the split (Figure 48B). As stated in earlier chapters, the splitting is
believed to be from a preferred crystallographic texture (where grains are aligned in a less
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random orientation) which is common in TMCP steels.
Analysis with the scanning electron microscope (SEM) indicated the macro-measurements
of fracture appearance was misleading in the CRDQ specimens. Unlike most of the HRQ
specimens, the areas which were considered cleavage from optical inspections were
actually a mixture of cleavage and fibrous fracture (Figure 49).
Figure 50 compares the effect of composition and processing condition on the relation
between the yield strength and the 60 ft-Ib transition temperature in the I-inch plates.
Figure 51 shows a similar comparison of the relation between yield strength and fracture
appearance transition temperature (FATT). Both these sets of plots suggest, when
compared to similar strength levels, there is little toughness boost provided by the TMCP
processing. The richer alloy heat no. 9 does show some increased toughness in the
CRDQ plate at higher strengths. Below 135 ksi yield strength the 60 ft-Ib transition
temperature for both HRQ and CRDQ appear similar. At 140 ksi yield strength the CRDQ
plates have a 1000 Flower 60 ft-Ib transition temperature and approximately 800 Flower
FAIT, in this overlap region. When a comparison is made with tensile strength rather
than yield (Figure 52), again only heat 9 shows any significant toughness improvement
due to CRDQ. These toughness-tensile strength relations are more linear than the yield
strength relationships. From the above, it is apparent that the toughness advantage of
CRDQ processing is only realized in higher alloy, higher strength steel. Using other
transition temperature measures (such as the 35 ft-Ib transition temperature, the 60 ft-Ib
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transition temperature, the FAIT, and 0° F impact energy) leads to similar conclusions
(Figure 53 and 54).
Prior work on similar plate steels has been accomplished by Hackett, et al16• As part of
the study they evaluated a 100 grade CRDQ plate of composition between heats 5 and
7 of this study, although their carbon content was at 0.04% as compared to 0.065% in this
study. Figure 55 is a comparison of the various CVN toughness measures from both
studies. It should be noted that the yield strength of the previous study's 100 grade
material did not make 100 ksi. Comparison of the data in Figure 55 suggests the previous
grade 100 work is in reasonable agreement with the present study.
4.3.2 Dynamic Tear Tests
The result of the 1 inch plate Dynamic-Tear tests are summarized in Table IX. Only the
conventionally processed heat 9 exceeded the requirements of the HY-lOO specification
of 500 ft-Ib at -400 F. This heat had DT values of 770 and 760 ft-Ib at _40° F.
4.4 Weldability Tests
4.4.1 Diffusible Hydrogen Test
For the SMAW process with an £12018 electrode, the diffusible hydrogen level was
found to be between 1.1 to 2.6 ml per 100 gram sample. The GMAW process with an
MC100 electrode had a diffusible hydrogen level of 0.6 to 1.3 ml per 100 gram sample,
roughly half of the SMAW process. By using both of these processes, it was possible to
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see the effect of varying levels of diffusible hydrogen on the weldability of the steels.
4.4.2 Modified Lehigh Restraint Tests
Restraint specimens were prepared for each of the four steels from the I-inch thickness
plates. Weld beads were deposited starting at the open end of the slotted groove at 75°F
preheat and at a single heat input level: 25 kilojoules per inch. Although most tests were
run with the SMAW process with a 0.188-inch diameter El2018 filler metal was used,
a few tests were also conducted using a GMAW process with an 0.062 diameter metal
cored wire (MClOO) fIller at 25 kJ/in.
The results of the restraint tests are listed in Table X. For the E12018 tests, extensive
cracking was produced, but it was exclusively located along the centerline of the weld
bead. Of the El2018 tests, only heat 3 specimens did not crack visibly along the full 9-
inch length of the weld. Cross sections of these joints showed that when partial cracking
occurred, it originated at the fusion line or weld metal in the weld root. Heats 7B and
9B, tested using the metal cored wire (lower diffusible hydrogen), showed no cracking
in either the weld metal or the HAZ. Figure 56A&B shows a comparison of the cross-
sections from the tests of heat 7B with the El2018 and the MClOO filler. Also, a typical
cold crack of another steel is shown for comparison in Figure 56C.
From these results as well as the implant tests presented later it is evident that the weld
metal is the most crack-sensitive component of the weld system. In no case was there
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any evidence of base metal HAZ cracking in the welds produced without preheat
4.4.3 Implant Tests
Nine test specimens were machined for each composition and condition of the I-inch
plates. The test specimens were welded into supporting plate using both GMAW and
SMAW. The SMAW filler metal was deposited using 3/16-inch diameter E12018
covered electrodes at a heat input of 25 kJ/inch (128A, 26V, and 8 ipm). The GMAW
filler metal was deposited at 25 kJ/inch using a metal cored (MCl00) O.062-inch-diameter
wire (270A, 28V, and 18 ipm) .
By metalIographic examination, it was determined that the fracture path of the implants
initiated in the coarse grained HAZ but eventually in most cases ran in the weld metal
(Figure 57). Thus, the fracture strength was significantly influenced by weld-metal.
Figure 58A is a scanning electron micrograph of an implant specimen fracture surface.
This specimen, typical of most samples tested, is from heat 7B and failed after 462
minutes at a stress of 105 ksi. The initiation region of this sample is primarily
intergranular as is typical of hydrogen-assisted cold cracks (Figure 58B). The initiation
is in the coarse-grained HAZ (CGHAZ) and the crack then propagates into the weld metal
(Figure 58C). Here the morphology is again largely intergranular as expected in a
hydrogen-assisted cold crack. The fact that the crack is moving through weld metal with
significantly different microstructure than the CGHAZ imparts a different appearance to
the intergranular morphology.
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Figure 59 summarizes the SMAW implant results from the I-inch conventionally
processed plates (HRQ). In all cases the critical stress is approximately 100 ksi. There
a slight trend toward lower critical stress levels as the alloy composition becomes richer,
that is, going from heat 3 to heat 9. Figure 60 summarizes the SMAW implant results
for the CRDQ-1500 condition. Again the critical stress level is approximately 100 ksi for
all heats. However, these results do not reveal a consistent trend with alloy content.
Figure 61 compares SMAW implant results from all conditions of heat 7. Again there
does not appear to be any significant difference among these results. From this
information it was determined that the critical stress for hydrogen assisted cracking has
little dependence on prior condition (Figure 62).
The GMAW implant results are presented in Figure 63. As with the restraint results the
superiority of the MC100 wire over the E12018 was evident (Figure 64). There is a
nearly uniform 20 ksi increase in the critical stress from the E12018 results to the MC100
results.
4.4.4 HAZ Charpy V-Notch Tests
Charpy V-notch HAZ tests were conducted on the one inch plate in the CRDQ-1700
condition (condition B) at heat inputs corresponding to 35 kJ/inch and 100 kJ/inch. Plates
were joined using the groove preparation shown in Figure 12 and resulted in a straight
heat affected zone for both heat inputs (Figure 65). GMAW was employed using 0.062-
inch-diameter MCIOD wire. Charpy V-notch specimens were machined from the
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weldment, notched in the coarse-grained HAZ after etching to reveal its location, and
tested.
The results of the Charpy tests on the weldments are presented in Figures 66 through 69.
These reveal a slight improvement in the CYN transition behavior in the 100 kJrm HAZ.
4.4.5 HAZ Hardness
Microhardness traverses were conducted across the heat affected zones of bead-an-plate
25 kJ/in welds. These welill; were made on each I-inch plate in both the A (HRQ) and
C (CRDQ-1500) conditions (Figures 70 through 73). The processing conditions did not
seem to show any significant differences in HAZ hardness response. This observation is
similar to those of the implant and other weldability tests. It is expected because the
HAZ is reaustenitized and most all previous thennomechanical history is essentially
eliminated. This should result in negligible differences between the weldability response
of different conditions within one heat The 100 kJrm welds did not have a hardness peak
at the fusion line like the 25 kJ/in welds. This is responsible for the superior HAZ
Charpy V-notch performance of the 100 kJ/in welds over the lower heat input
4.4.6 Varestraint Tests
The inclusion of this test was largely a matter of routine, since low-carbon low-alloy
steels are not generally regarded as susceptible to solidification cracking. This assumption
was borne out by the results. The GTA fused bead was produced at two heat input
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levels, 35 and 70 kJ/inch for the tests on the four steel compositions and three processes.
Augmented strains of 2% and 3.7% were used.
As indicated by Table XI, the total length of cracking when encountered was small in all
cases. At the low heat input and low strain many of the plates did not crack. The only
factor that influenced the amount of cracking was the heat input which increased cracking
somewhat as it was raised. Steel composition and processing were without effect
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5. CONCLUSIONS
The main objective of this study was to investigate the possibility of reducing the cost of
100 ksi yield strength steels for both military and commercial purposes while maintaining
the high standards set for other similar strength steels. The main conclusions for this
study were found to be:
1. The 100 ksi yield strength can be achieved with less alloy and carbon content than
presently used by utilizing controlled-rolling and direct quenching (CRDQ).
2. The weldability of these plates is considered excellent and no preheat would be
necessary to weld these plates. This conclusion does not include requirements for
'"the weld metal, which may need a preheat until superior weld wires are
developed.
3. All but the leanest heat would meet the most stringent AASHTO toughness
requirements which has been correlated to a CVN energy of 35 ft-lbs at -300 F.
4. Unfortunately, all conditions of the plates in this study, with the exception of the
conventionally rolled and quenched plates, do not meet the HSLA-lOO toughness
requirements.
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5. Except for the richest composition in the conventionally processed condition
(HRQ), the plates do not meet the HY-lOO dynamic tear requirement of 500 ft-
lbs at -400 F.
6. The advantage of direct quench TMCP in these steels is most evident at higher
alloy content and at higher strengths.
7. Controlled-rolling at temperatures below which complete austenite recrystallization
occurs produced some residual deformation effects which affect toughness by
raising the transition temperature while increasing the yield strength.
8. Splitting, which is normally considered unwanted, IS responsible for better
toughness when tested in the transverse direction.
9. For the Navy to use a TMCP steel at this strength level and take advantage of the
lower alloy content as well as the elimination of post-rolling heat-treatment, a
reevaluation of the current toughness requirements would be necessary for
implementation.
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Table I: u.s. Navy Toughness Requirements
CHARPY V-NOTCH DYNAMIC TEAR
TEMP.(F) . ENERGY (FT-LB) PERCENT SHEAR TEMP.(F) ENERGY (FT-LB)
MIL-S-24645
HSLA80 -120 60 35 -40 info. only
0 NR NR
HSLA 100 -120 60 35 -40 info.only
0 80 90
MIL- S-16216
HY-80 ·120 35 50 -40 450
0 60 90
HY-100 -120 40 50 -40 500
0 60 90
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Table II: Different 100 Grade Material Compositions
(Aim Composition for this study included for reference.)
Wt.% HY-100 HSLA-100 3/4 5/6 7/8 9/2
C 0.14-0.20 0.06 0.065 0.065 0.065 0.065
Mn 0.10-0.40 0.75-1.05 1.00 1.50 1.00 1.25
Si 0.15-0.38 0.40 NA NA NA NA
Cu 0.25 1.45-1.75 NA 1"\7r:; 1.10 1.25V.I v
Ni 2.75-3.50 3.35-3.65 0.75 0.75 0.90 1.25
Cr 1.40-1.80 0.45-0.75 0.50 0.50 0.75 0.75
Mo 0.35-0.60 0.55-0.65 0.50 0.25 0.50 0.50
V -- -- 0.07 NA NA 0.07
Cb -- 0.02-0.06 0.04 0.04 0.04 0.04
NA - NOT AVAILABLE .
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Table HI: Actual Compositions of Plates Studied
Heat 10 3 4 5 6 7 8 9 2
Wt.%
C 0.074 ·0.063 0.068 0.065 0.066 0.067 0.067 0.069
Mn 1.000 1.000 1.520 1.480 1.000 1.010 1.250 1.260
P 0.009 0.009 0.009 0.008 1 0.008 0.008 0.008 0.009
S 0.003 0.003 0.004 0.005 \0.004 0.005 0.004 0.005
SI 0.250 0.270 0.260 0.260 0.270 0.270 0.280 0.290
Cu 0.007 0.010 0.730 0.720 1.080 1.080 1.230 1.230
Ni 0.750 0.740 0.750 0.730 0.900 0.910 1.250 1.260
Cr 0.500 0.500 0.500 0.490 0.740 0.740 0.740 0.740
Mo 0.490 0.500 0.250 0.250 0.490 0.500 0.490 0.490
V 0.071 0.070 NA NA NA NA 0.070 0.071
AI 0.021 0.031 0.035 0.031 0.027 0.028 0.029 0.026
N 0.006 0.006 0.006 0.005 0.005 0.005 0.005 0.005
Cb 0.030 0.030 0.030 0.030 0.032 0.032 0.032 0.032
NA - NONE ADDED
Ceq 0.503 0.494 0.570 0.556 0.611 0.616 0.701 0.705
,Total
Alloy 3.211 3.232 4.162 4.074 4.622 4.655 5.455 5.487
Ceq = %C + %Mn/6 + (%Cr + %Mo + %V)/5 + (%Cu + %NI)/15
Shiga at al.
Ar3 (F) 1401.1 1407.3 1332.2 1341.4 1373.1 1370.0 1302.0 1298.7
Ouch! et al.
Ar3 (F) 1326.1 1331.7 1263.1 1273.2 1270.7 1266.2 1194.0 1190.5
Thick. 1.0" 1.5" 1.0" 1.5" 1.0" 1.5" 1.0" 1.5"
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Table IV: Cooling Rates - Direct Quench
Heat & Condition Cooling Rate
(From 1472 F - 932 F)
3A 43 F/s
38 41 F/s
48 23 F/s
4C 21 F/s
58 45 F/s
68 22 F/s
6C 101 F/s
7C 42 F/s
,-88 24 F/s
8C 18 F/s
98 54 F/s
28 22 F/s
2C 20 F/s
1" AVERAGE 45 F/s
1.5" AVERAGE 21 F/s
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Table V: Tensile Data for I-inch Plates
1.0. TEMP YIELD STRENGTH U.T.S. %RA %ELO
F KSI KSI
3A 1100 95.5 7.0 68.5 22.5
3A 1200 95.3 111.0 66.7 22.1
3A 1200 98.1 107.4 68.0 22.5
38 1050 103.3 121.0 66.8 21.6
38 1125 110.2 124.1 70.6 21.3
38 1200 111.8 121.5 65.8 19.5
38 1250 109.0 116.5 '~ 67.5 21.5
3C 1050 105.8 121.5 65.3 20.6
3C 1125 112.3 125.8 63.5 21.7
3C 1200 114.2 ,123.2 69.6 21.7
3C 1250 109.7 116.8 67.5 21.5
5A 900 103.7 115.9 68.9 19.7
5A 1000 99.5 110.1 69.8 21.4
SA 1100 99.6 108.7 76.0 24.0
58 950 108.5 124.6 63.8 18.8
58 1075 113.0 126.4 64.0 20.9
58 1175 110.3 119.0 61.8 20.2
58 1200 108.1 115.2 63.0 20.5
58 1225 105.5 112.9 20.0
5C 950 113.5 128.0 62.5 17.8
5C 1050 114.0 127.8 61.5 18.8
5C 1150 112.8 121.6 64.5 20.1
5C /1200 110.2 117.3 63.0 20.0
5C 1225 107.5 114.0 20.0
Values in BOLD indicate [mal tempering temperatures.
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Table V: (Continued)
1.0. TEMP YIELD STRENGTH U.T.S. %RA %ELO
F KSI KSI
7A 950 123.0 134.8 66.3 19.9
7A 1050 112.8 124.8 66.8 20.5
7A 1100 108.8 117.7 68.5 22.0
7A 1150 102.5 110.8 71.0 22.3
7A 1150 103.3 111.3 71.0 20.5
78 900 128.4 144.9. 58.8 16.7
78 1100 124.8 139.1 62.3 19.6
78 1200 119.0 ~ 126.6 61.0 19.4
78 1200 122.6 127.3 65.5 20.0
7C 900 133.7 148.6 60.1 17.9
7C 1100 127.5 141.3 59.0 20.1
7C 1200 118.0 127.9 67.6 20.5
7C 1225 119.8 124.1 66.0 21.0
9A 900 141.8 154.9 58.0 16.4
9A 1050 ~138.9 ·146.6 61.8 18.7
9A 1225 119.1 123.2 66.0 21.0
9A 1200 126.3 129.6 65.8 19.6
9A 1275 104.7 111.0 69.0 23.5
98 900 152.5 165.9 54.0 15.5
98 1200 143.4 147.1 59.1 16.8
98 1275 123.3 126.1 62.5 19.5
9C 900 155.1 169.6 51.0 16.2
9C 1200 143.5 146.8 61.0 18.8
9C 1250 134.1 136.8 59.0 17.8
Values in BOLD indicate final tempering temperatures.
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Table VI: Tensile Data for 1.5-inch Plates
1.0. TEMP YIELD STRENGTH U.T.S. %RA %ELO
F KSI KSI
4A 950 87.3 102.9 74.6 22.4
4A 1100 90.8 104.5 75.8 23.7
48 1100 102.0 117.3 71.3 22.8
48 1200 107.2 117.6 74.8 23.2
4C 1100 108.8 122.1 70.3 21.7
4C 1100 108.3 123.6 66.0 22.0
4C 1200 109.0 118.5 71.0 21.8
6A 1000 92.3 105.3 70.3 22.2
6A 1125 88.8 100.1 72.4 23.8
6A 1225 82.8 92.4 25.5
68 1000 102.5 "120.0 65.3 20.9
68 1125 103.2 116.6 67.3 20.9
68 1125 106.3 118.3 65.5 22.0
68 1175 103.6 113.6 22.0
6C 1000 106.7 122.4 60.5 19.8
6C 1125 105.2 117.9 65.9 20.5
6C 1175 103.8 113.5 21.0
8A 950 114.7 129.8 65.3 20.1
8A 1050 107.1 120.7 21.5
8A 1100 103.2 115.0 68.8 21.5
8A 1100 104.3 116.3 69.5 22.5
88 950 119.5 140.3 58.3 19.6
88 1150 113.5 129.3 65.3 20.9
88 1225 110.3 120.5 21.0
8C 950 125.9 144.5 60.9 20.3
8C 1150 121.2 133.0 60.4 20.3
8C 1225 107.0 118.5 23.0
2A 1000 134.5 148.4 61.8 18.2
2A 1200 117.5 127.2 66.6 21.2
2A 1250 108.8 116.8 21.5
28 1000 140.3 159.7 58.0 19.2
28 1200 134.7 144.0 63.1 19.3
28 1250 131.2 136.3 19.0
2C 1000 144.9 160.8 56.9 19.1
2C 1200 134.1 142.0 61.9 19.2
2C 1250 125.8 131.9 19.5
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Table VII: I-inch Charpy V-Notch Data for Selected
Temperatures
CHARPY RESULTS
1.0. TEMP @-120F @OF @-12OF @OF
F ft-Ib ft-Ib % Shear % Shear
3A 1200 235 40,99120 121 29 55 61
38 1125 23 510 00 1 1
38 1200 24 611 00 15
38 1250 233 5,12,13 000 152017
3C 1125 78 1272 50 07
3C 1200 34 717 00 106
3C 1250 2,3,3 9,9,13 0,0,0 19,16,20
5A 1100 3949,49 96,114114 22,2632 7082,85
58 950 1523 4657 00 2748
58 1075 524 4043 00 815
58 1175 78 4970 01 2545
58 1200 5926 55 62,64 1 2,0 45 4745
58 1225 1015 3845 00 3127
5C 950 9,12 3435 01 2322
5C 1050 511 31 41 00 1518
5C 1150 1519 4144 22 2938
5C 1200 3414 63 64 66 330 504956
5C 1225 6,28 35,61 0,8 32.40
7A 950 413 5555 00 3039
7A 1050 1018 8183 00 6366
7A 1150 265277 110.126133 25,4351 82,850
78 900 1616 4040 01 1824
78 1100 1416 4950 00 2318
78 1200 1721 5662 42 4847
78 1200 1831,38 56,59,61 1522,18 58 57 63
7C 900 59 3034 00 85
7C 1100 414 3940 00 1518
7C 1200 512 4260 00 1820
7C 1225 614,14 566780 513,19 50,6267
9A 900 79 1718 00 00
9A 1050 11 16 3643 1 2 36.29
9A 1200 5253 8090 2425 8481
9A 1275 298185 115125129 376469 100,100100
98 900 611 2425 21 1312
98 1200 31 31 5153 78 4139
98 1275 424956 79,92,93 58 49 62 100,100,100
9C 900 610 2426 00 1515
9C 1200 1732 6263 416 6764
9C 1250 22 28.36 65,67,68 34.29 28 7584.89
Values in BOLD indicate final tempering temperatures.
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Table vm: 1.5-inch Charpy V-Notch Data for Selected
Temperatures
'"
CHARPY RESULTS
1.0. TEMP @ -120 F @OF @-120F @OF
F ft-Ib ft-Ib % Shear % Shear
i4A 950 11,12 101,126 0,0 50,75
i4A 1100 3,4 101,118 0,2 53,59
i48 1100 4,8 71,76 O,NA 26,NA
148 1200 5,5 9,73 0,0 2,10
i4c 1100 4,6 42,60 0,0 2,15
!4C 1200 3,3 6,6 0,0 2,5
I6A 1000 3,11 98,108 2,1 57,65
I6A 1125 19,79 113,164 8,4 55,100
I6A 1225 5,112 177,192 5,41 100,100
6B 1000 4,9 45,50 0,0 6,6
68 1125 7,10 52,61 0,0 17,23
168 1175 5,10 38,68 0,0 13,27
~ 1000 5,7 19,40 0,0 13,5
6C 1125 4,12 56,57 0,0 28,26
6C 1175 8,8 61,68 0,0 28,35
8A 950 4,11 34,37 0,0 12,8
8A 1050 6,15 57,80 0,5 39,47
8A 1100 31,40 94,100 5,15 60,62
88 950 5,10 20,35 0,0 0,3
88 1150 5,12 48,64
-
0,15 26,42
~8 1225 5,7 72,75 2,2 46,61
8C 950 7,8 6,30 0,0 0,2
8C 1150 3,7 35,44 0,0 10,5
8C 1225 23,31 84,91 5,7 55,58
~ 1000 5,8 21,30 2,0. 17,14
~ 1200 28,37 85,87 10,15 79,78
~ 1250 33,51 114,116 23,35 87,85
28 1000 8,13 30,30 3,3 24,29
28 1200 27,33 58,62 23,18 59,62
128 1250 24,56 84,87 28,29 79,89
I2c 1000 9,10 26,27 3,0 16,15
I2c 1200 14,21 53,65 8,18 62,70
I2c 1250 41,44 84,86 31,40 83,85
49
Table IX: Dynamic Tear Data
Heat & Condition Test Temp DT Energy
(F) ft-Ib
3A -40 120,125 I
38 -40 30,100
3C -40 20,75
3A 0 160,195
5A -40 220,235
58 -40 105,110
5C -40 80,90
5A 0 255,405
5C 0 90,120
7A -/' -40 140,325
78 -40 100,100
7C -40 90,200
78 0 180,225
7C 0 125,135
9A -40 760,770
98 -40 410,455
9C -40 280,300
9A 0 870,895
98 0 580,580
9C 0 415,420
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Table X: Modified Lehigh Restraint Test Data
Heat & Condition Welding Parameters Crack
Filler Heat Input Index *"
(kJjin) (in)
3A E12018 25
'.
0.120 all
38 E12018 "25 0.030 weld
3C E12018 25 0.240 metal
SA E12018 25 all weld metal
\
58 E12018 25 complete cracking
5C E12018 25
7A E12018 25 all weld metal
78 E12018 25 complete cracking
7C E12018 25
~
78 MC100 25 no cracking
r./~
9A E12018 25 all weld metal
98 E12018 25 complete cracking
9C E12018 25
9B MC100 25 no cracking
* - Cracking index is the projected height of crack
at 1 inch from the weld stop at restrained end
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Table XI: Varestraint Test Data
Specimen Heat Augmented Maximum Total
Heat and Input Strain Level Crack Length Crack Length
Condition (kJ/in) % ~n) ~n)
4C 35 2.0 0.008 0.016
35 3.7 0.013 0.081
70 2.0 0.009 0.009
70 3.7 0.020 0.085
68 35 2.0 NC NC
35 3.7 0.016 0.060
70 2.0 NC NC
70 3.7 0.012 0.075
'-/'
6C 35 2.0 NC NC
35 3.7 0.012 0.046
70 2.0 0.005 0.010
70 3.7 0.008 0.073
~
8A 35 2.0 NC NC
35
-
3.7 0.014 0.040
70 2.0 NC NC
70 3.7 0.024 0.056
-
8B 35 2.0 NC NC
35 3.7 0.010 0.055
70 2.0 0.006 0.011
70 3.7 0.012 0.060
8C 35 2.0 NC NC
35 3.7 0.013 0.038
70 2.0 0.005 0.005
70 3.7 0.010 0.055
2C 35 2.0 NC NC
70 2.0 NC NC
70 3.7 0.018 0.049
NC • No Cracking
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Schematic illustration of solidification cracking7.
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Figure 2: Steel rolling techniques.
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Figure 15: Micrographs of as-received, as-quenched l-inch plates, heat 3.
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Figure 16: Micrographs of as-received, as-quenched I-inch plates, heat 5.
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Figure 18: Micrographs of as-received, as-quenched I-inch plates, heat 9.
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Figure 19: Micrographs of as-received, as-quenched 1.5-inch plates, heat 4.
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Figure 20: Micrographs of as-received, as-quenched 1.5-inch plates, heat 6.
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Figure 21: Micrographs of as-received. as-quenched 1.5-inch plates, heat 8.
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Figure 22: Micrographs of as-received, as-quenched 1.5-inch plates, heat 2.
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Figure 23: Through thickness hardness traverses for
heats 3,5,7, and 9.
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Figure 25: Tempering curves for heat 3.
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Figure 26: Tempering curves for heat 5.
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Figure 28: Tempering curves for heat 9.
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Figure 29: Tempering temperature ys. yield strength, I-inch plates.
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Figure 29: (Continued)
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Figure 30: Tempering temperature vs. yield strength, 1.5-inch plates.
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Figure 30: (Continued)
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Figure 31: CVN transition curve for plate 3A.
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Figure 32: CVN transition curves for plate 3B.
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Figure 3~: (Continued)
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Figure 33: CVN transition curves for plate 3C.
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Figure 33: (Continued)
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Figure 34: CVN transition curve for plate SA.
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Figure 35: CVN transition curves for plate 5B.
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Figure 35: (Continued)
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Figure 36: CYN transition curves for plate Sc.
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Figure 36: (Continued)
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Figure 36: (Continued)
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Figure 37: CVN transition curves for plate 7A.
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Figure 37: (Continued)
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Figure 38: CVN transition curves for plate 7B.
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Figure 38: (Continued)
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Figure 39: CVN transition curves for plate 7C.
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Figure 39: (Continued)
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Figure 40: CVN transition curves for plate 9A.
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Figure 41: CVN transition curves for plate 9B.
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Figure 41: (Continued)
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Figure 42: CVN transition curves for plate 9C.
109
1s1J
125
l3 100
-J(
>" 75
CJ
a:
w
ffi 50
25
TEMPERATURE, Deg. C
)0 -80 -60 -40 ·20 0 20 40 60 80
HEAT9C
CRDQ-1500
1"THICK
TEMPER: 1250F
L--s-- >--
bJ:~60 ft-Ib (81J) -...
~I
~ I -24F (-31 C) I
ILJ 0
IYield Strength - 134 ksl (925MPa) I
200
150
(J)
W
-J
~
o
..,
100 >"
CJ
a:
w
z
w
50
o 0
-150 -100 -50 0 50 100 150 200
TEMPERATURE, Deg. F
Figure 42: (Continued)
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Figure 43: CVN transition curve for heat 7 with roughly
equivalent yield strengths.
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Figure 44: CVN transition curve for heat 9 with roughly
equivalent yield strengths.
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Figure 45: Examples of a tensile bar separation.
113
Figure 46: Example of Charpy bar separations.
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(B)
Figure 47: Examples of a transition region to uppershelf
separation in a CVN specimen. (A) 9B6 absorbed 44 ft-Ib
and had 63% fibrous fracture. (B) 9B 11 absorbed 72 ft-Ib
and had 70% fibrous fracture. (Both tempered at 127SO F
and tested at _90° F.)
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Figure 48: Examples of a lowershelf separation in a
CVN specimen. (A) 3C6 absorbed 7 ft-Ib and had 6%
fibrous fracture. (B) 3C12 absorbed 49 ft-Ib and had 19%
fibrous fracture. (Both tempered at 12500 F and tested at -
300 F.)
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Figure 48: Examples of a lowershelf separation in a
CVN specimen. (A) 3C6 absorbed 7 ft-lb and had 6%
fibrous fracture. (B) 3C12 absorbed 49 ft-Ib and had 19%
fibrous fracture. (Both tempered at 12500 F and tested at -
300 F.)
116
Figure 49: Comparison of HRQ "cleavage" (LEFf) vs. CRDQ
"cleavage" (RIGHI). (Note fibrous sections in CRDQ cleavage area.)
117
Figure 49: Comparison of HRQ "cleavage" (LEFT) vs. CRDQ
"cleavage" (RIGHT). (Note fibrous sections in CRDQ cleavage area.)
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Figure 50: Yield strength ys. 60 ft-Ib transition
temperature for all I-inch heats.
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Figure 51: Yield strength vs. FAIT (Fracture
Appearance Transition Temperature) for all I-inch heats.
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Figure 53: Ultimate tensile strength vs. Different
toughness criteria. 35 ft-lb IT, 60 ft-lb IT, FAIT, and 0°
F impact energy shown for heat 7.
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Figure 54: Ultimate tensile strength vs. Different
toughness criteria. 35 ft-lb IT, 60 ft-lb IT, FAIT, and 0°
F impact energy shown for heat 9.
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Figure 55: Ultimate tensile strength vs. Different
toughness criteria. 35 ft-Ib 'IT, 60 ft-Ib 'IT, and 0° F
impact energy shown for all I-inch heats with results from
previous literature13•
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Figure 55: (Continued)
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(A)
(B)
Figure 56: Modified Lehigh Restraint tests: (A)
E12018, (B) MClOO, and (C) example of a HAZ cold
crack.
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Figure 56: (Continued)
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I fusion Une I
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Figure 51: Metallographic section through implant
fracture. Specimen gel welded with El20l8 @ 25 kJ/in,
fractured at 100 ksi after 24 minutes.
(Magnification 200x - Etchant: 2% Nita!)
(A)
(B)
Figure 58: SEM photo of implant 7B I-A. (A) Overall
view of fracture surface, (B) initiation site with
intergranular fracture, and (C) intergranular propagation
through weld metal.
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Figure 58: SEM photo of implant 7B I-A. (A) Overall
view of fracture surface, (B) initiation site with
intergranular fracture, and (C) intergranular propagation
through weld metal.
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Figure 58: (Continued)
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Figure 58: (Continued)
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Figure 59: HRQ Implant Results (SMAW E12018 Process).
135
160
140
120
g; 100
oX
en-
~ BO
~
en 60
40
20
1111 I
HEAT7A
\
"-r-... "",..
"""
Ii!
I. SMAW El2018
kJ{1fl (1.0 kJ/rnm)
10 100 1000
TIME TO FAILURE, MINUTES
1000
BOO
<II
a..
600 ~en-
en
w
400 ~en
200
o
10000
160
140
120
Cii 100
.x
en-
~ BO
a:
f-
en 60
40
20
Ilill II
HEAT 9A
\
r---.
..
..
""'A V"
... 11"
SMAWEl2018
'"--f-- 25 kJlin (1.0 kJ/mm)
1000
BOO
III
a..
600 ~en-
en
w
a:
f-400 en
200
o
1 10 100 1000
TIME TO FAILURE, MINUTES
Figure 59: (Continued)
136
o
10000
60
160
140
120
"iii 100
~
en
en 80
w
~
40
20
rI11111 I
HEAT3Ci\
r-.... IS NO 'AJU ""
SMAW EI2018 I
'--
25kJ[In (I.OkJ/mm)
1000
800
1Il
n.
600 ~
en
en
w
~
400 en
200
10 100 1000
TiME TO FAILURE, MINUTES
o
10000
160·.,.--r---r-T-rrr-rrr----r---,-rT""lII"1111"11-"--'11"lrTTrTTT""--,r-r...-rrrnr
HEAT 5C 1000140't-i1ttttttr-tTh~~~lttm-THtttltl
120~'-+-r--+t-I-H+H-t...-j--+-H-f++tt-H+tIltH+--+-t++ttttl800
"iii 100 ~
~ ~ ~
80 I --l-+4+H+H---f-++-H++tt-+--J'-H+ttI~-t--H-+t+tfj enen T
w w~ ~
00- 60 400 en
I ISMAw EI2018
401t--tl16s~kJ~/IN~(~I.~OkJ~/~mm~)!)ttfflm--r~HtmrlrtitHttJ
200
20+--+++++tIItf--+-H+tttH---/--+-I-ttH-tt--f-j-ffittH
O+--+-++++tIfH--++-++tt+H---+-+-l-++I-Ht--f++-H+Hf.O
1 10 100 1000 10000
TIME TO FAILURE, MINUTES
Figure 60: CRDQ-1500 Implant Results (SMAW E12018 Process).
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Figure 60: (Continued)
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Figure 61: Heat 7 Implant Results (SMAW E12018 Process).
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Figure 62: E12018 Critical Stress for all heats and conditions.
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Figure 63: MC100 Implant Results.
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Figure 63: (Continued)
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Figure 64: Implant critical stress comparison between
MC100 and E12018.
143
(A)
(B)
Figure 65: Metallographic section of HAZ for HAZ
CVN test. Both the (A) 25 kJ/in and (B) 100 kJ/in welds
are shown.
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Figure 66: HAZ CVN results for 3B.
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Figure 67: HAZ CVN results for 5B.
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Figure 68: HAZ CVN results for 7B.
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Figure 69: HAZ CVN results for 9B.
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Figure 70: Knoop microhardness traverse of heat 3's HAZ.
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Figure 71: Knoop microhardness traverse of heat 5's HAZ.
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Figure 72: Knoop microhardness traverse of heat 7's HAZ.
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Figure 73: Knoop microhardness traverse of heat 9's HAZ.
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